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DESCRIPTION AND SCOPE OF AREA STUDIED

The expansion and competitive position of general aviation in the field of
transportation depends upon improving the safety and utility of light aircraft
while reducing their cost. Toward this end, the Mission Analysis Division of
NASA is investigating various areas associated with the design of light air-
craft and has sponsored this study on structural materials and concepts.

The primary objectives of the study were:

(1) To make a comparative evaluation of a wide variety of materials and
structural concepts, presently and potentially available for appli-
cation to light aircraft, by investigating the effect of design,
manufacturing, operational, and material requirements on the cost of
this class of aircraft.

(2) To apply the more promising materials and structural concepts to the
conceptual design of light alrcraft.

(3) To identify key problem areas where additional research may increase
the potential of promising materials or concepts.

Basic Assumptions and Methods of Approach

In pursuing these objectives the contractor was to consider two levels of
technology and two types of light aircraft, fixed and rotary wing. The levels
of technology were classified as "near term," 5 years hence, and "far term,"
15 years hence. The conceptual designs were to meet the contract guidelines
summarized in Table VI.

The study was performed in two phases. Phase I was concerned with
researching, correlating, and evaluating available information on (a) oper-
ational characteristics; (b) material properties; (c) structural concepts and
capabilities; (d) manufacturing and cost considerations; as they apply to light
four-place airplanes and helicopters. The intent of Phase II was to select the
more promising structural materials and concepts and apply them to the two
conceptual designs for the two levels of technology. However, upon completion
of Phase I, the results indicated (a) that the economic gains associated with
improved light aircraft structural design would be more significant for "far
term" aircraft; (b) that light fixed wing and light helicopters structures are
similar; (c) the need for a more definitive analysis of the fabrication cost of
the selected materials and concepts.

Thus, it was decided (with the agreement of NASA) to eliminate from con-
sideration in Phase II the "near term" airplane and helicopter, and the "far
term" helicopter. Phase II concentrated on establishing detailed structural
design, cost, and fabrication analyses for those materials and concepts that
showed the most promise of reducing labor hours and facilitating mass production
as applied to the "far term" light airplane conceptual design.

A major aim of the study was to identify key problem areas where additional
research would increase the potential of the more promising materials and con-
cepts and lead to safer and more economical light aircraft.



SIGNIFICANT RESULTS OF THE STUDY
Evolution of the post WW II Light Aircraft Industry

Safety.- 60% - 70% of all accidents are improvable, i.e. they have causes
associated with design, material selection, configuration, etc., which can be
affected by the designer. A very small percentage (1%) of all accidents were/
are caused by structural failure.

Utilization.- The contemporary single engine airplane is utilized at an
average of 175 hours per year. A nation wide industry Survey indicated the
fol lowing needs in future light airplane designs:

Simplicity in design to reduce maintenance costs
Improved safety features
Improved flight characteristics

Cost.- The prices of typical General Aviation aircrafts have shown the
following trends in the last decade: '

Price of low-price aircraft is fairly constant to declining.
Price of middie-price aircraft is fairly constant to rising.
Price of high-price aircraft is generailly rising.

Performance.- in general, the aerodynamic efficiency of the typical
General Aviation aircraft has increased very slightly during the last 20 years.
Maximum speeds and landing speeds have increased gradually mostiy as a result
of increase in engine power and wing loading.

Design Considerations

Airpiane Weight.- The structural weight of Typical General Aviation type
aircraft is approximately 46% of the empty weight.

Analysis of three different wings with the same area, but different plan~
form (I Rectangular, II Rectangular inboard panel with tapered outboard panels,
and III Tapered.) resulfed in the lightest wing being configuration III
Tapered.

A study of weight trade-offs between wing area versus high lift devices to
obtain a given stall speed resulted in the wing with double siotted flap as the
lightest.

The structural weight of typical General Aviation piston and turbine
powered helicopters are approximately 50% of the empty weight.

Crashworthiness.- During the course of this study, the subject of crash-
worthiness and its relation to aircraft design was considered on many occasions
and from every possible view point. The results of an outstanding research
program made by the FAA were published in a report entitled "Aircraft Design -
fnduced Pilot Error".




Cost.- Operating cost: It cost approximately 15¢ per mile to operate a
typical four-place airplane. (Based on 333 hrs/year utilization.). it cost
approximately 55¢ per mile to operate a typical reciprocating engine powered
light helicopter, and 80¢ per mile for a turbine engine helicopter (Lased on
300 hr/yr utilization). When comparing retractable gear versus fixed gear
airplanes operating costs, break even points could be as low as 170 hr/yr.
At the present,turbo prop-powered light airplanes are far more expensive to
operate than piston engine-powered. Break even points are non existent.

Airframe cost: Reciprocating engine powered hellcopters cost approximately
$70.00 per pound of empty weight and the average cost of a typical light air-
plane is $12.00 per pound of empty weight.

UNIT AIRFRAME COST VS WEIGHT EMPTY
(Light-single engine airplanes - 1967)

$/kg $/1b
10.00
20.00r - 9.00 /
- W @ @
18.00F 8 s.00
16,00 W
- = 7.00
14.00F &
@ 6.00
12,00 < 5 00 ®
P *
w.o0f £ @
- 4.00
s.oofF ~ ®
g 3.00
0 1000 2000 Ib
WEIGHT EMPTY
4 L - |
0 500 7000 kg
Figure 1
UNIT AIRFRAME COST VS AIR SPEED
$/kg $/1b (Light-single engine alrplane - 1967)
10,00 *
20.00
9.00
18.00 | ® /'
5 8.00 ‘//,
1.0 7.00 2o
14,00 F
00 - 6.00
12,00 p ®
- 5.00
10.00 -
- 4.00
8.00 i ®
3000 N
0 100 200 mph
MAXIMUM SPEED
| - $ ; S 3
0 100 200 300 km/hr.

Figure 2




Airframe cost, representing several single engine light alrplanes, is
shown in Figures | and 2 as a function of empty weight and maximum speed. For
the study $7.00 per pound was used as a typical value for conventional aluminum
censtruction, During the study the worth of a pound saved was estimated for
light airplanes. The results are shown in Figure 3.
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The typical breakdown of a four-place single engine airplane as shown in
Figure 4, indicates that airframe labor and raw material is only 12.5% of the
consumer price.

Hardware, instruments
& systems 10%

........

Raw material 4,5%

Manufacturers

markup 6.8% Scope of

this study

urden, G & 12.5%
and taxes

Airframe iabor 8%

Other labor 2%



Effect of mass production on cost.-~ The cost of labor involved in
manufacturing a light airplane affects other portions of the total price. The
change in consumer price resulting from reductions in airframe fabrication
labor is shown in Figure 5 and indicates that 50% reduction in labor will reduce
the consumer price by approximately 25%. As labor approaches zero, the result-
ing consumer price approaches a |imit of 42%. Obviously, the 100% savings in
labor can only be approached through automation.
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Performance.- Airplane: For the purpose of optimizing a configuration to
meet the given set of guidelines, this study was limited to the parameters
which would be affected by structural materials and at the same time have a
major influence on the performance. In the final analysis, the basic para-
meters to be optimized were reduced to wing loading, W/S; and power l|oading,
W/P.

A parametric study of factors affecting maximum speed indicates that
sensitivity to parameters such as wing area, aspect ratio, wing thickness ratic,
extent of laminar boundary layer, gross weight, and fuselage frontal area are
rather small when compared to the effect of retractable vs fixed gear or u 10%
change in power available.

It should be noted that although the effect of delaying the boundary layer
transition does not justify a large expense to achieve abnormal surface smoth-
ness on conventional wings, it may be an important consideration for new
materials such as plastics where an extremely smocth surface may be achieved at
no extra manufacturing cost.



Potential Structural Materiais.- Initial selection: Materials were first
selected from the broad spectrum of the various types available. In the
beginning, an effort was made to pick representative exampies from each type,
basing the selection on one or more of the following characteristics:

(1) Accepted use In present-day aircraft construction
(2) Low density
(3) Low material cost

Not always an important factor because faorication costs can be
far more signiflcant.

(4) High stiffness

Many areas of |ight alrcraft and helicopter structures are
designed for stiffness. This takes precedence over static
strength requirements.

(5) High strength
(6) Weldability, Brazability, Bondability

Inasmuch as present-day fabrication methods such as riveting
contribute considerably to the overall cost of the finished
product, a number of potential materials lending themselves to
welding, brazing, and or bonding were included.

(7) Minimum maintenance
(8) Materials exhibiting good corrosion resistance to atmospheric
environments were consldered.

In evaluating the initial selection of materials, structural efficiencies
were determined for comparison purposes. These structural efficlencies are:

F VE h—;

Tension = —%E Column = Shear Buckling =

w

Each structural efficiency was also divided by the material cost “o ob-
tain additional comparisons. In the case of far-term materials (to be used
15 years from now), the projected cost 15 years from now was used.

Comparative structural efficiencies are presented In Tables I and II for
those materials selected as promising candidates.

Evaluation of promising candidate materials. -The promising candidates
were compared on the basis of types of members and concepts.

Composites: Anisotropic composites require sc..» consideration as to
allowables versus fiber orientation., When these materials, in single~laminate
configuration, are loaded at an angle to the direction of the fibers, their
strength is reducec considerably. The reduction in allowable is a function of
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the angle. For this reason, composite systems are normally found in various
combinations of fiber-oriented layers.

Strengthwise, fiber-to-resin proportion is another important relationship.
A resin-rich composite is weakened by the influence of the lower strength matrix,
while a resin-starved composite Is unsatisfactcry because of insufficient bond-
ing between each fiber. In filament wound structures, 70 to 85 percent by
volume is considered normal for fiber content. For fabric laminates, 70 percent
by volume is considered normal.

Tension members: The efficiency of tension members were compared using
the following equation:

LU
K T =

S-Glass/Epoxy, Graphite/Epoxy,followed by 4340 (260 HT) Steel,are the most
efficient candidates.

Simple columns: Minimum weight round tube columns were plotted versus
load intensity and column length. In general Graphite composites and Mg -
Yittrium - T5 are the most efficient materials while 1025 steel and Sitka spruce
are the least efficient.

Compression structures: Probably the most detailed and extensive
evaluation of structure occurs during the design of compression critical
sections of the airframe. The section under compression is generally treated
either as a wide column or a compression panel. The wide-column approach is
used when the length of the panel is short compared to its width, as in a
multi-rib wing box. A compression pane! concept is assumed when the length of
the panel is long compared to its width, as in a multi-spar wing box.

The wide-column analysis assumes primary buckling between the ribs, which
provide simple supports for loaded edges of the column. The following equation
is a result of equating general and local instability formulas:

Where: N, = compressive load in pound/inch
N L = length of column in inches
X_ = g (%/L)? i = plasticity reduction factor
LA E = modulus of elasticity. psi
t = cross-sectional area per unit width
€ = efficiency factor, a function of

buckling coefficient & shape factor

The analysis of compression panels is based upon all edges of the panel
being simply supported, while plate theory expressions for local and general
stability are equated to obtain the following equation:

Nx Where: b = width of plate
bRE = ¢ (F/p)" n = an exponent which is a function of

configuration



In the evaluation of wide-column and compression panel concepts, truss
core sandwich, honeycomb sandwich, flat plate, and zee-stiffened plane con-
struction were considered for each case.

Minimum area equations for optimized wide columns and compression ‘panels
of zee-stiffened plate, flat plate, and ftruss core sandwich construction are
presented in Table III.

TABLE III

MINIMUM AREA EQUATIONS FOR OPTIMIZED WIDE COLUMNS
AND COMPRESSION PANELS

TYPE OF CONSTRUCT |ON WIDE COLUMN COMPRESS ION PANEL
N N -
Zee-Stiffened Plate EE = 0.911 (¥/L)2 E% = 1.030 (%¥/b)2°36
N N
Truss Core Sandwich t% = 0.605 (¥/L)2 B%‘ = 1.108 (¥/b)2
N, N
Flat (unstiffened) F = 0.823 (t/L)3 B% = 3,62 (%¥/b)3
Plate

Shear panels: Wing, fuselage, and empennage skins on small aircraft
(including helicopters) are of |ight-gage construction. Loading intensities
due to forsional shear are low level; therefore, the panels are normally
designed for shear buckiing at the 1 to 1.2 g level. This requirement is
established for appearance purposes since the panel itself has ample strength
to carry the ultimate torsional shear flow as a tension field member.

Materials for shear panel application were compared on a thickness basis.
The curves were obtained through a substitution and lelsnon process of the
shear buckling equation for flat pliates.

KsEct2 Where: T__ = shear stress at which panel
Shear buckling: TCr = will buckle
b2 K, = shear buckliing coefficient
dependent upon edge conditions
Tcr = ny / t, around panel
b = short side dimension of panel
Nx = q = torsional shear flow; t = panel thickness
' Y Ec = compression modulus of elas-
Therefore: ticity
KE t2 KE t3
xy 't b2 * Ny b2

10



Structural index : N /b = —< = KE (t/b)3
Xy s C

3
VK = 1/3
t/b Ky (ny / bE)

Minimum weights versus structural Indexes for flat plate shear panel
materials were derived by multiplying shear buckling equations, as modified for
minimum thickness form, by material density, w:

3
we/b VR = w N,/ bE)1/3 But: W = wabt , w = W/abt

. = . 3
Where: W = panel weight Therefore: Wb a= /K = wN /bE)l/3
a = long side of panel S xy
Compression flanges: |In reviewing condidate materials for use as com-

pression flanges on spars and similar bending members, the following structural
index will be applied to represent crippling efficiency:
s =" FcyEc
w

This relationship is in general agreement with Needham's equation for
crippling which assumes b/t,flange width to thickness ratio, to remain constant.

Installation costs: |In determining the feasibility of various structural
material concepts, the total cost of the installation must be compared against
the dollar's worth value of a pound of material saved. The installation cost
includes material cost plus fabrication cost. In order to justify a material/
concept change, one of the following conditions must be satisfied:

(1) Significant weight savings with no increase in ftotal installation
cost.

(2) Significant decrease in installation cost rith no appreciable
increase in weight

(3) Significant weight savings with significant cost savings.

The dollar's worth value of a pound of weight saved for the typical four-
place light airplane was calculated versus service iife.

In the following evaluation of required break-even costs versus materiail/
concept, a $2.00 per pound value for a pound of weight saved was used for the
light aircraft, based on a 333 hr/yr utilization rate with an original single-
owner expectancy of 20 years.

A typical light aircraft was used as a baseline against which weights and



TABL

E IV

BREAK-EVEN VS ACTUAL FABRICATION & INSTALLATION COSTS

BREAK-EVEN ACTUAL FEASIBILITY
MATER AL Con | °n -g—g— Cén 1Cn 1%n | Cin IBreewnz ACT
aBR. JinsTL. | FaBr. JINsTL.

SHEAR PANELS
Baseline Material = 2024-T3 Clad, S, = ¥/ Ec/w = 22

Cip = Cpp * Cyqpp = 0-66 + 5.90 = 6.56
AZ31B-H24 1.10 ] 29).74] s.a8] 9.58] 5.90 ) 7.00] Yes
Graphite (45°) (1.000] 39].s6] 12.30] 13.30] 8.85] 9.85] ves
Mahogar.y/Pop | ar 2.05 | 48] .45] 14.95] 17.00]11.80 | 13.85] VYes
Plywood :
1" Ss-Glass/Epoxy | (2.0} 33} .65] 9.20f 11.20} 5.90 ] 7.90] ves
3/8" E-Glass/Nylon | (0.65)] 23] .96] 6.27] 6.92] 5.90 } 6.55] ves
S-Glass (45°) 2.0} 22).98} 4.7a] 6.7a} 8.85 ] 10.85] no

T S -

TENSION MEMBERS 41(
Basel ine Material = 2014-T6 Extr., S = F. /w = 590

C., =C., +Cp = 0.97 +5.90 = 6.87
MG Yttrium-T5 6.000] 820§ .72] 3.90] 9.90] 5.90 ] 11.90] Mo
Graphite (0°) (1.000}1870 § .32} 23.80) 24.80] 8.85 | 9.85] VYes
S-Glass (0°) (2.000J2880 | .20} 38.80] 40.80] s8.85 | 10.85] Yes
1" S-Glass/Epoxy | (2.000} 750 }.79) 6.84} s8.84 | 5.90 § 7.90} ves
Sitka Spruce 0.67 | 626 | .9a| 6.45] 7.12]11.80 | 12.47] No
Spruce-Staypak (1.30)f 760} .78] 7.6} 9.00)11.80 | 13.14] no
ZK60A-T5 3.06 | 682 .86] 4.89] 7.95] 5.90 ] 8.96] no

11

COMPRESSION FLANGES
Basel ine Material = 6061-T6, Sb = FcyEc/w = 599

Cip = Cop + Cqp = 0.44 +5.90 = 6.34
2014-T6 Extr. 0.97 1 760].79] 7.60] 8.57] 5.90 | 6.87] Yes
1" s-Glass/Epoxy | (2.000}1160 | .52] 12.00] 14.00} 5.90 | 7.90] ves
MG Yttrium T-5 6.000) 852 .70} 3.90] 9.90} s5.90 | 11.90] No
Graphite (*) (1.000§1350 f .44] 15.95] 16.95 ] 8.85 | 9.85] Yes
S-Glass (¥) 2.000] 955 | .63] 9.25}) 11.25 | 8.85 | 10.85] Yes

1

(¥) + 45°, 0°, 0° layers

(

) indicates 1982 estimate

12



TABLE V
BREAK-EVEN VS ACTUAL FABRICATION AND INSTALLATION COSTS WITH NET SAVINGS FOR FEASIBLE MATERIALS

¢l

MATERIAL NON=-OPT | MUM y BREAKEVEN ACTUAL
W n'n FEASIBILITY IS a3 S .
£PT Con - n_ z SPQCING JO;NTS K, - cenlcin lCamlcin . pp oc Savings
bL2(10™ ) ] 2
s bb | FABR. ] INSTL. X FABR.] INSTL.

(2) "2 3 (3 (5) BRKEVN > ACT. (6) (7 4)

Basel ine Material = 2024-T4 Zee, K, = K (K;) = 1.20 (1.1) = 1.32 +INCREASE |+ SAVINGS
Cio "% * Ctb = 1.10 + 5.90 = 7.00
-
ONx/L = 30, W /b 2 = (107 ) = 5.0
2024 Honeycomb 0.93 4.6 1.0 1.4 1.4 .977} 6.29 7.22 §19.20 }20.13 No
181 Cloth Zee (1) ]1.00 3.2 1.2 .l 1.32) .64 J10.95 ] 12.05 ] 8.85] 9.85 Yes -1.02 0.72 1.74
181 Cloth Honeycomb] 1.45 3.3 1.0 i.4 1.4 .70 ] 9.45 | 10.85 J19.20 | 20.65 No
Graphite Zee z(1) | 1.00 2.5% 1.2 tol 1.32] .51 Jisa.e5 | 15.65] 8.85 ] 9.85 Yes -2.87 0.98 3.85
Graphite Honeycomb |1.45 2.12 1.0 1.4 1.4 .446016.75 | 18.20 §19.20 J20.65 No
Graphite Truss Corel 1.20 2.2 1.0 1.4 1.4 .467016.10 | 17.30 J15.00 J16.20 Yes 0.90 1.06 0.16
S-Glass Zee 2.00 3.2 1.2 1 1.32] .64 [10.05 { 12,05 | 8.85 §10.85 Yes -0.07 0.72 0.79
S-Glass Honeycomb [ 2.23 2.14 1.0 1.4 1.4 .457015.47 | 17.70 J19.20 J21.43 No
S-Glass Truss Core ] 2.40 3.3 1.0 I.4 1.4 .70 | 8.47 | 10.87 |15.00 [ 17.40 No
-l
/L = 400, W /b 2 (107 ) = 9.8
2024 Honeycomb 0.93] 11.0 1.0 1.4 1.4 i No
181 Cloth Zee 1.00 7.6 i.2 (N 1.32] .78 | 8.55 9.55] 8.85] 9.85 No
181 Cloth Honeycomb) | .45 8.2 1.0 1.4 1.4 .89 1 6.67 ] 8.12 ]19.20 J20.65 No
Graphite Zee (1) 1.00 3.8 1.2 1.1 1.32] .38 J20.70 | 21.70 |} 8.85] 9.85 Yes -4,76 1.24 6.00
Graphite Honeycomb | 1.45] 10.0 1.0 1.4 1.4 |1.08 No
Graphite Truss Coref 1.20 3.6 1.0 1.4 1.4 .39 J19.80 § 21.00 J15.00 § 16.20 Yes -0.99 1.22 2.24
S-Glass Zee 2.00 5.5 1.2 (! 1.32) .56 hi2.10 ] 14.10] 8.85)10.85 Yes -1.34 0.88 2.22
S-Glass Honeycomb [ 2.23 6.4 1.0 1.4 1.4 .69 § 8.87 § 11.10 }19.20 } 21.43 No
S-Glass Truss Core § 2.40 6.4 1.0 1.4 1.4 .69 1 8,70 11,10 |15.000 17.40 No
NOTES
(1) E-Glass (5) Estimated.

(2) Based on Values from Tables | and Il with some modification (6) A‘PP = Change in Purchase Price/Lb. of Baseline wt. of component
where core materials are concerned.
(7) a$__ = Change in Operating Cost/Lb. of Baseline
(3)  C, = $2.00/Lb. . oc
wt. of component
(4)  $Savings = Net Dollars Saved/Lb. ot Baseline wt. of component



costs were compared. This airplane utilizes aluminum sheet metal stringer-
stiffened construction, with a two-spar wing. |ts installation cost per pound,
Cip » is $7.00 for an empty weight of 1500 Ibs.

The maximum breakeven fabrication and installation costs for material/
concepts used as tension members, shear panels, simple columns and wide col-
umns and compression flanges are calculated in Tabies IV and V. |In the case of
wide columns, non-optimum factors due to practical stringer spacing and joint
reinforcement are accounted for in calculating breakeven costs.

Material/Concept Feasability.- The feasibility of the various material/
concepts is evaluated by comparing the maximum allowable break-even fabrication
costs with the actual fabrication costs.

The actual fabrication costs are as follows:

Material/Concept Cfn(s/Lb’)
Truss Core 15.00
Honeycomb sandwich 19.20
Aluminum zee stringer 5.90
Reinfcrced plastic zee stringers 8.85
Wood construction 11.80

Tables IV and V also compare the break-even fabrication costs with the
actual fabrication costs for the various types of members.

In the final analysis,those material/concepts deemed feasible are review-
ed from the standpoint of change in purchase price of airplane, change In
operating costs over 20 year (6667 hr.) period, and the net overall savings
realized.

Fatigue Evaluation.- Existing requirements for the strength of light air-
plane structures are based largely on the concept of "one-time" loading. For
many years this appeared to be satisfactory,but recently it has been recog-
nized that the margin of safety provided against failure under "one-time" load-
ing may no longer be adequate with respect to the repeated loads which occur
during the lifetime of the aircraft. A survey of the 1963 Genera! Aviation
Accident Reports indicates evidence that some airframe failures could be
attributed to fatigue.

Whether or not the failures involved were the result of inadequate piiot
proficiency, lack of respect for adverse weather, or the result of inadequate
inspection and maintenance is of secondary importance. The point is that the
airplane involved encountered flying conditions which resulted in loads being
applied to the airframe of sufficient magnitude and frequency to cause
catastrophic fallure of the primary airframe structure.
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Fastening Devices and Methods.- Materials may be joined by either
mechanical means such as riveting, bolting, welding, brazing or adhesive bond-
ing. All of these methods may be used 7o some degree in alrcraft construction.

Each method was evaluated and presented in the fo'!lowing manner:
(1) A brief description.

(2) Illustrations were provided as necessary to clearly define the
method of construction.

(3) Typical allowable strengths were given where applicable

(4) Some comparisons (Fatigue and Static Strengths) were made between
two or more of the Technigues used.

(5) Advantages and disadvantages of each method were listed.

(6) Typical applications in aircraft manufacturing were given for each
joining process.

Application of Materials and Concepts

In this section, several appropriate a.d previously listed potential
materials will be applied to a conceptual, out typical, light airplane. These
same material selections and applications would be applicable for cther air-
planes of similar structural loading magnitudes and manufacturing quantities;
but the light airplane designer is not restricted to these same selections.
The following discussions will make apparent the inter-relationship of such
considerations as perfu.mance and configuration specifications, weight, cost,
production rate, and manufacturing method.

Study Guidelines.- The Mission Analysis Division of NASA, established the
guidelines for the design of a typical General Aviation type airplane to be
used on the Application Phase of this study. The airplane is a single-engine
four-place configuration and is referred herein as the "Far Term Airplane".
The guidelines are listed in Table VI,

TABLE VI
FAR TERM AIRPLANE GUIDELINES
Accommodations Performance

Passengers and crew 4 Endurance 4 hrs. + 30 minutes
Baggage 200 1bs | Vmaximum 152 knots @ S.L.
Cabin volume M2 ft3 | Veryise 130 knots @ 5000 ft.

Prooulsion stall 48 knots @ S.L.

e Takeoff distance/50 ft. 1000 ft.
Maximum power 250 hp Minimum rate of climb 1000 ft. per minute
Maximum weight 380 Ibs | Service ceiling 14,000 ft.

15




Design Justifications.- Figure 6 illustrates the airplane which satisfies
the contract guidelines. Table VII lists the dimensions and general data.

Certain major parameters were determined by an optimization technique
developed for the study. These were the wing loading, power loading and gross
weignt, and hence wing area and installed power,

TABLE VII

FAR TERM AIRPLANE GENERAL DATA

Gross weight (W) 2850 Ibs. {Vertical tail
Power (P) 250 BHP Area (S)  18.25 ft.2
Wing Height (b) 5.06 ft.
Area (S) 180 12 Aspect ratio (AR) 1.4
Span (b) 35.5 ft Taper ratio () .5
Aspect ratio (AR} 7.0 Root chord (cp)  57.5 in.
Taper ratio ) .6 Tip chord (ce)  29.0 in,
Root chord (cr)  6.338 ft. Mean aerodyn.chord (MAC) 54.7 in.
Tip chord (ct) 3.803 ft. Sweep 9] 350
Mean aerodyn.chord (MAC) 5.173 ft. Airfoil NACA 0009
Speep @ c/4 (n) Qo
Dihedral (r) 50 Horizontal tail
Airfoil NECA 63,-A215 Area (s) 40 £+.2
Span (b) 12.65 ft.
Aspect ratio (AR) 4.0
Taper ratio (A) 1.0
Chord (constant) {c) 3.16 ft.
Center of gravity travel 1)%-30% MAC Sweep (A) 0e
Airfoil NACA 0012

The material/concepts selected for the various airplane components are
based primarily on the results of phase I of the Study, and were summarized in
Tables IV and V.

Material/concepts invoiving aluminum alloys were not incorporated in the
fabrication of the main components. A review of the Phase I indicated the most
promising composites exhibited superior structural efficlencies. In addition,
the moldable reinforced plastics showed greater potential over the aluminum,
from the standpoint of mass production protesses which would offer greater
fabrication cost savirngs.

Figure 7 iilustrates the wing construction. The material selection and
the type of moiding considered for each of the 202 machine molded, reinforced
plastic components are as follows: The spars, spar slices and skins are made
of compression molded high modulus graphite filament/epoxy; the ailerons are
made of injection molded E-glass/nylon; the tip fairings and the flap hinge
fairings are made of hot-formed ABS; and the remainder of the components are
made of compression molded S-glass/epoxy.

All of the above components are then appropriately prepared for bonding,
fixtured and secondary bonded to form a right hand and a left hand wing half;
which are subsequently attached to cne another and to the fuselage with
mechanical fasteners.

16
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WING PLANFORM, FAR TERM LIGHT AIRPLANE
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Two alternate wing construction concepts (designated II and III) were
considered as possible weight and/or cost savers. Configuration II replaces
the graphite channel section spar with an S-glass rectangular rigid urethane
(foam core) section. Also, the graphite skins are replaced with S-Glass skins.
The resultant weight saving in the spar is exceeded by the weight penalty in
the skins. See Table VIII.Configuration II1 is the same as II, except graphite
is used in place of the S-glass. This concept (i.e.,III) leads to a 10% saving
in total wing weight and, as will be discussed later, a 5% saving in wing
cost. Both graphite wing construction concepts represent significant weight
(and cost) savings over conventional sheet aluminum consfrucflon, (if the cost
of graphite can be reduced to $1.00 or $2.00 per pound).

TABLE VIII - WING WEIGHTS (POUNDS)

ITEM FAR TERM LIGHT AIRPLANE CONTEMPORARY
AIRPLANE
CONFIG. I CONFIG. 11 CONFIG. III JALUMINUM WING
Graphite S-Glass Constr.} Graphite Constr.
Constr.
Foam Core Spar | Foam Core Spar
Skins 77.3 110.6 77.3 108.0
Spars 92.6 82.6 65.1 85.0
Ribs 26.9 26.9 26.9 26.9
Stringers 7.0
Skin stiffener 16.5 16.5 16.5
Skin splices 8.3 11.9 8.3
Tip 1.5 1.5 1.5 1.5
Total 222.3 250.0 195.6 227.5

Fuselage: The fuselage is conventional in size and shape. The overall
dimensions include a maximum width of 48 inches, maximum height of 60 inches
and a length of 232.5 inches. See Figure 8.

The fuselage utilized both types of composites. The longerons and other
moment reacting members were made with the continuous filament S-glass/epoxy
material while the i1ow load intensity fuselage shear panels incorporated non-
continuous 1" S-glass/epoxy moldable material.

The empennage, while treated as primary structure, was nevertheless
considered to have slightly lower requirements from the standpoint of fatigus
and fracture toughness. For these reasons non-continuous glass, with thermo-
setting resins were used for structure. Three non-continuous filament com-
posites were considered in Phase I: (1) 3/8" E-glass/nylon 6/10; (2) 1/2"
E-glass/polyester and (3): 1" S-glass/epoxy. The 1" S-glass/epoxy is the most
efficient strengthwise, and will be used in the design of the horizontal tail.
It is a compression moldabie material. The 1/2" E-glass/ polyester material
although not always more efficent than the 3/8" E-glass/nylon 6/10 exhibited
higher stiffness characteristics and resistance to environmental conditions.

It is also a compression moldable material and will be used for the design of
the vertical tail.

Figure 10 il lustrates the vertical stabilizer design-based on a com-
pression molded reinforced thermosetting plastic (1/2" E-glass/polyester availa
ble in the industry in .025 thick prepreg sheets). Minimum number of parts are
characteristics of these concepts. The four-piece stabilizer and the six-piece
rudcer are entirely bonded. The rudder design was based on the same material/
concept. 19



FUSELAGE, FAR TERM LIGHT AIRPLANE
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Figure 11 illustrates the horizontal tail design, which is also an all
bonded construction of glass-reinforced plastic components, pressure molded
from 1" S-glass/epoxy prepreg composite.

Table IX tabulates weights and unit weights for the empennage components

which were comparable or lighter than contemporary sheet metal type construction.

TABLE IX - FAR TERM LIGHT AIRPLANE EMPENNAGE WEIGHTS

COMPONENT | VERT. FIN RUDDER STAB

Area (9.18 t2) | (6.66 ft2) ](40.00 13

X W Weight Total | Unit |Total | Unit jTotaljUnit

Material

(Lb/in3)| Fabrication| Lb. |Lb/f+2] Lb. |Lb/ft2{ Lb. Lb/At?

Nylon 6/10 .051 Inject.mold| 14.441 1,58 | 9.35] 1.40 | NA NA

E-glass/polyester .070 Comp.mold | 13.13| 1.43 | 8.50] 1.28 | NA NA
1"S-glass/epoxy .062 Comp.mold | 11.63] 1,27 | 7.50] 1.13 |36.06/0.90
Aluminum sheet .100 Riveted - 1.47 - 1.10 - }1.07

Component Cost and Manufacturing Considerations.- The cost analyses were

limited to the vertical stabilizer and the wing.

The analyses demonstrated the

magnitude of the potential savings associated with machine molded/high pro-
duction rate construction concepts.

End result of the analyses indicates that the vertical stabilizer manu-
factured at the rate of 100,000 units per year, can be produced at a manu-
facturer's cost of: (1) $13.00 when injection molded of glass/nylon 6-10, or
(2) $28.45 when compression molded of glass/polyester.

cantly competitive with conventional sheetmetal construction.

These costs are signifi-
Of prime sig-

nificance is the indication shown in Figure 9,that both injection molded and
compression molded vertical stabilizers can be manufactured at a lower cost
than conventional sheetmetai, even at current quantities.

VERTICAL STABILIZER UNIT COST VS PRODUCTION RATE
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VERTICAL STABILIZER, FAR TERM LIGHT AIRPLANE
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HORIZONTAL STABILIZER, FAR TERM LIGHT AIRPLANE
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Wing: The first cost analysis, based on the tapered wing illustrated in
Figure 7, assumed that each componcnt would be machine molded individually in
a press of appropriate capacity, considering both the 30-minute cure time for
current epoxies and an estimated cure time of 15 minutes for future epoxies.
Referring to FigurelZ, bars (1) thru (5) represent the above described wing.
Bar (1), for single-cavity molding and 30-minute epoxy cure time, has a molding
cost which is 54.2% of the total wing manufacturing cost. Therefore the
savings in bar (2) are large when the production rate is doubled, by halving
the current 30-minute cure time.

Subsequent analyses of the wing based on the use of multi-cavity dies,
took advantage of the potential savings attainatble with higher prcouuction rates.

Bars (3) and (4) represent the same wing as bars (1) and (2), respectively,
except for the use of multi-cavity fooling. Examination of bar (4) made
apparent the high (76%) portion of the wing unit cost represented by the raw
material. Most (82%) of the raw material in bar (4) is for graphite/epoxy at
$5.00 per pound. Obviously, the unit manufacturing cost of the wing is a
significant function of the cost of graphite.

Industry sources have estimated the cost of graphite in fifteen years,
ranging from $1.00/1b. to $100.00/ib. Bar (5) optimistically charts wing unit
manufacturing cost for the same wing as bar (4), using $1.00/1b. rather than
$5.00/1b. graphite.

FAR TERM LIGHT AIRPLANE WING UNIT MANUFACTURING COSTS
{for 100,000 units/year production rate, except 9 )

Singte-cavity molain;

300
LEGENG

3o=minute Materijal
/ cure epcxy 7777 Sies
B Molaing

m Fabrication 8 fixturey

1seminute -
> ( ) Lator
/cure epoxy ©

-

Present

(1)
N
<
&
<

)

“alti-cavity rolcing
Al

£
(5

o

—_—

0

/—Su-" inyte cure epoxy

U T MANUFACTURING COLTS

150C -fl v
./’ /—la-r\.inu?e cure epoxy
4%
‘;ﬁ foam-core spar
/e A
> r ~
R Ly $2.00 1.
1300 X = - t-zlass
o5 'r”‘ l.uv/it.
4 -,/' graphite
1Y 155
7 h‘»‘:{"
/e 155\ 7
U
LG
oo [HDAFES
,(".
2
1

wonee® @ O ® 0 0,9 ® 0

v :
Concept —e» Graphite/epoxy skins and spars 5-glass skins Cogrf":‘i"::";‘a'
and spars sheetmotal
neight 275 275 275 27% 275 248 302 308 57 257

Cost/1b.—em310. 5% §7.71 35,30 $5.05 §2.952 $<.ub 82,70 $1.73 35.45 35,04

Figure 12

24




CONCLUS IONS
General

This study investigated every aspect of light airplane and helicopter
design, manufacturing methods, and materials in use or of potential use as
structural and non-structural components. Significant conclusions drawn from
the investigation now follow.

Present helicopter construction is not different from typical light air-
plane construction but helicopter desigrers use more of the sophisticated
techniques common in military aircraft and commercial transports, such as
bonding and chemical milling, because weight savings are more important in a
helicopter than in a light airplane.

Typical light airplane structure consists of relatively large sheet metal
panels 0.025 to 0.032 inch thick, whereas helicopter fuselages have smaller
panels 0.020.to 0.016 and even 0,012 inch thick, supported by many very light-
weight formers and stiffeners. These lighter but more elaborate constructions,
coupled with lower production rates,are conducive to higher airframe costs.

The average helicopter cost is $30.00 per pound of empty weight, compared to
$10.00 per pound of empty weight for light airplanes.

Because of the lower rate of helicopter production (586 helicopters versus
15,747 airplanes manufactured in 1966 - a ratio of 1 to 27), and assuming
this ratio remains more or less constant, in fifteen years the light helicopter
industry may be manufacturing 3,700 units per year, still below the present
production rate of the light airplane industry. Consequently the mass pro-
duction techniques visualized for producing 100,000 Iight airplanes may not be
Justified for light helicopter manufacturing.

There is no doubt, after comparing hundreds of different materials, and
discussing the study with leading light airplane and helicopter manufacturers
in the United States, that aluminum sheet metal airframe is here to stay.
Aluminum is a very readily machinable, formable, and joinable material. It is
one of the most economi:al; and manufacturing processes, techniques, and
equipment are at hand. On that basis, it would be unwise to deviate much from
this. A new material would mean new tooling, a learning period, etc.

Modern light airplares and helicopters are made almost exclusively of
2024-T3 aluminum alloy. The study indicates some relatively new alioys, such
as 6061-T6 and 5086-H32, can replace most of the skin material with resultant
cost savings. Some manufacturers are aware of this. 6061-T6 is used in some
models by leading aircraft wanufacturers. Wooden construction is obsolete for
mass produced airplanes. .

Riveting is still the easiest, cheapest, and most inspectable way of
joining two pieces of metal. Two women with an air gun, a buckingy bar, and two
hours of training can install perfectly acceptable rivets at a rate of 20 per
minute; and, when the nature of the assembly permits it, automatic riveting
machines can drill and squeeze rivets at the rate of 30 per minute with one
operator.
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Automatic spotwelding of aluminum sheet metal deserves a very careful
look. The light aircraft industry Is looking fto structural bonding with great
hopes. The idea is well proven: It works with military and commercial air-
planes. Modern helicopter blades would not be feasible without metal bonding.
Light aircraft manufacturers are beginning to use it.

The pre-priming of aluminum sheets at the mill might solve, economically,
one of the biggest problems of bonding surface preparation. New fast-curing
low-pressure adhesives are eagerly awaited by most light aircraft manufacturers.
Automated, fully-reliable quality-control devices will make bonding more at-
tractive. Human handling should be reduced as much as possible. At present,
quality depends too much on the individual handling of each assembly. The
advantage of the extensive use of bonding might be emphasized mainly on weight
savings, (3 fo 6 percent of structural weight). Fatigue life improvement due
to bonding is a well known fact, but of lifttle concern to the light aircraft
manufacturer.

The use of fiberglass prepreg laminates and ultraviclet curing seems the
most promising technique for lightly-loaded or non-stiuctural parts. This
concept has been proven in thc mass production of drores. Just recently,
several light airpianes made of glass reinforced laminates have reached the
flight testing stage in the United States and Germany. They could be con-
sidered Near Term designs, and if the manufacturing cost are comparable
to the sheet metal counterparts, they might iead the way to a revolution in
light aircraft production.

Considering the raw material cost for a typical four-~place airplane is
only $ 765.00 (4.5 percent of consumer price), there is no doubt but that
the only possibility for a radical improvement in price for a Far Term airplane
will be in the reduction of airframe labor cost, rather than reduction of
material costs.

In an opinion canvass of leading alircraft manufacturers, they were all in
agreement that at the present, hand layup fiberglass construction is not
cheaper than sheet metal construction. To this, can be added the fact that the
basic raw material ( fiberglass fabric (E-Glass) @$2.00 per pound at present)
is three times more expensive than aluminum sheet metal. This makes the
success of the all-fiberglass hand ilayup airplane very doubtful for the near
term.

The Far Term airframe should be an injection or compression molded article,
using a thermoplastic or perhaps a thermosetting material. The production of
airplane parts by molding is not only feasibie, but probable; the materials are
existent; moiding techniques and |Iimitations are well known.

Nylon matrixes, reinforced with chopped glass could be used for injection
molding components twice the size of a briefcase. The structural efficiency
number for shear buckling is 23 compared with 22 for aluminum sheet. The price
of reinforced nylons is $1.64 per pound today, but in fifteen years it may be
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as low as 65 cents a pound. The time required to mold a part is measured in
seconds, at the most, one minute.

Glass-fiber-reinforced epoxy systems with a shear buckling index of 33,
cost $4.00/1b at the present and it is forcast to be only $2.00 in fifteen
years. GCraphite-fiber-reinforced plastics, still in the development stage, are
estimated by some of the industry to be commercially available in fifteen years
for as low as $2.00 per pound.

Analysis of the effect of mass production revealed that the institution
of automotive-type manufacturing methods could reduce the price of a typical and
representative |ight airplane by approximately 48 percent. By using existing
aircraft manufacturing methods (plus normal evolution) and the classic 80%
(constant) |earning experience, the price of this representative atrplane could
theoretically be reduced to $14,651 on the 100, 000th unit.

The estimated consumer price for the "Far Term" airplane is compared to
that of a conventional sheetmetal airplane in the table below. This table is
based on a production quantity of 100,000 units.

ltem Sheetmetal "Far Term" (plastic)

Labor 1290 $ 734.62
Overhead 1677 955.21
Material (structure) 906 811.25
Material (other) 167 167.00
Molding Time Charge g 258.10
Engine, Propeller, L.G., etc. 2842 3842.00

7882 6768.18
Direct, Sales, G & A 2773 1211,92
Manufacturing Cost 10655 798v.10
Factory Profit 1066 798.01
Dealer Cost 11721 B8778.11
Dir. & Distr. Markup 2930 2194,53
Estimated Consumer Price $ 14651 $ N1Q972.64

The cost per pound of empty weight for the reinforced blasflc airplane
would be 6.80 $/Ib. and the cost of airframe 3.07 $/I1b. These figures are
nearly 50% of the values quoted on page 3 for present day production airplanes.
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Recommendations for Future R&D Programs

As a result of this study, various areas are identified where additional
research will enhance the possibility of a safer and more useful light aircraft.
Some of the recommendations follow directly from the investigations performed
during the study, while others are those suggested by various people within the

industry.

The recommendations are divided into two categories. Those indi-

cated by the study and related to strucvural materials and concepts, and those
beneficial to other design areas of future light aircraft. No atftempt was made
to rank the various recommendations.

Category I. - Structural Materials and Concepts.

(1)
(2)

3
(4)
(5)

(6)

(7)
(8)

(9)
(10)

(1
(12)
(13
(14)
(15)

(16)

(17)
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Fatigue characteristics of panels as related to panel size, rivet spac-
ing, and material thickness.

Fatigue characteristics of typical repairs on aircraft, For example
oversize holes, patches or splices on spar caps.

Materials for ldndlng gear springs.

Stress corrosion in regard to protection and corrective acflon.

A structural adhesive which will cure at room temperature with high

T peel strength (75 Ibs/in), high shear strength (4500 psi), curing at
10 psi (vacuum bag) in 10 minutes, one phase, rolled on curtain coating,
lack of sensitivity to surface contamination.

An extruded helicopter blade, which combines heavy sections at the
leading edge and very thin sections at the trailing edge.

Data on fatigue of bonded structures.

Test data on creep and fatigue of plain laminate and sandwich panels
with representative fiber orientations. Test laminates to obtain F4y vs
¢ for various fiber patterns. Also combined loading to confirm biaxial
strength criteria.

Mechanical properties of laminates as function of resin and void content.
Develop aluminum sheet metal with prime coat ready for bonding without
any further surface preparation except solvent cleaning. The coating
should provide also corrosion resistance. The coating should be applied
at the mill for low cost.

Specifications for raw materials, resins reinforcements for composites.
Standardize test methods, specimens.

Tests for determining crack propagation characteristics of various

fiber orientated composite |aminates,

Establish design criteria for plastic structural components: Maximum and
minimum temperatures, humidity,hai!l stone,sand and dust errosion.

Test data on non-continuous glass reinforced laminates (mechanical
properties, and environment |Imitations or degradation).

Test data on compression aliowables of laminate plates and flange
members for varying width/thickness ratios and also for different

fiber orientations.

Tests for determining attachment allowables in laminate composites
varying fiber orientations, thickness and edge distance.

Tests for determining effect of stress concentrations in composite
laminates under static and sudden loading conditions, Yary thickness

and fiber orientation. Also include bolted attachment configurations.



Category II.- Other Design areas.

Power Plant.-

(n

Cooling drag, optimum air inlets and exhcust designs for horizontal
opposed power plants.

(2) Methods of reducing propeller noise.

(3) Design parameters of small diameter, multi-blade propellers in
shrouded ducts.

(4) Development of ultra-low pitch blade settings for ground roll braking.

(5) Simple CO detectors and CO elimination.

(6) improved fuel injection equipment (mass and flow sensing).

(7)  Engine mounts, with lower frequency having less damping for better
isolation in operating range.

Systems.-

{1 Improved braking methods.

(2) Improved flotation of tricycle gears on soft fi.ids.

(3)  Survey of landing loads, accelerations, sink speeds, efc. to
determine if a more realistic design criteria is required.

(4) Oxygen systems for high altitude unpressurized aircrafts.

(5) De-icing of inlets, leading edges and control surfaces.

(6) Simple, inexpensive air conditioning system,

(7) A simple fuel system design, which would bleed fuel from wing tanks
simultaneously to eliminate "fuel management", as required with
present systems.

(8) More experimental data on crashworthiness of light airplanes and
revised design requirements,

(9) More VGH data for fatigue evaluation of light airplanes. Perhaps

FAR 23 should be subdivided according to type of operation (commercial
survey, training etc.) or perhaps another subdivision should be made
at 6000 Ibs. gross weight.

Manufacturing.-

(1N
(2)

(3)

(4)
(5)

(6)

Automated plexiglass forming.

A core material for hollow laminated parts, which can be easily removed,
(for instance water soluble).

A better bagging material for laminate fabrication than the presentiy
used PVA, (should be reusable).

Establish processing techniques for Ultra Violet curing of plastics.
An improved casting process to yield thinner walls and greater
precission in the manufacturing of piston engine cylinders.

Develop manufacturing techniques, tools, and establish design criteria
for compression and injection molding of very large glass reinforced
moldings and laminates.
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Aerodynamics.-

m
(2)

(3)
(4)
(3)
(6)

(7
(8)
(9)
(10)

(1

(12)
(13)

(14)
(15)
(16)
(1
(18

(19)
(20)
(21)

(22)
(23)

(24)

(25)

Control surfaces hinge moments experimental data.

Additional basic data on lamlnar flow airfoils Including effects of
various types of moveable surfaces.

Effects of different leading edge shapes on laminar flow alrfoilis.
Improved effectiveness of vertical tails.

T-tail characteristics.

Nacel le shapes and locations for pusher engine installations. Also
effects of wing and flaps on propeller.

Flight path control with flap and power modulation,

Simple methods of stability augmentation.

Data regarding spoilers and vortex generafors

Additional data on stall and section characteristics at low Reynoids
numbers,

Minimizing pitch changes with gear, fiap and power changes by
changing vertical placement of horizontal tails (full scale wind tunnel
tests).

Variable stability for production airplanes, heavy in crufse and |ight
In low-speed flight.

Means of getting usable C.G. ranges of 10 to 40% MAC. with refiexed
alrfolls, upward floating ailerons or flaps.

Drag reduction of tricycle landing gear.

Improvement in handling qualities at 1.1 Vs In lending approaches.
Use of canard surfaces for supplemental longitudinal control.
Practical methods of eliminating adverse yaw in low-speed airplanes.
Summary of NASA-NACA data applicable to stabllity and control design
for personal airplanes.

Stabilator design for minimum pitch change with power and flaps.
Improvement of spiral stability with upward floating ailerons,
Condensed bibliography listing significant reports and summary reports
from the beginning of NACA.

Bibiiography of STOL and high lift reports.

Up-dating of many reports regarding airfoil data and structural data
to take advantage of present state of the art.

A method of automatic flight control from take=-off to landing as
applied to general aviation.

Span load distribution for wing tips or various planforms and various
section shapes.
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